Introduction
Aerosols are classified into natural and anthropogenic, according to their origin. Sea salt, dust, natural sulphates, etc., are naturally occurring aerosols, whereas soot, industrial sulphates, black carbon, etc., are of anthropogenic origin. Soot is an absorbing aerosol whereas dust and organic matter are partly absorbing. Sea salt and sulphates mostly reflect radiation. So the insertion of different types of aerosols significantly changes the radiation budget of the Earth's atmospheric system. Global warming produced by greenhouse gases is partly suppressed by aerosols; they therefore have a substantial role in the radiation budget and climate (Charlson et al. 1992 , IPCC 1995 Sivaprasad and C. A. Babu the quantity of aerosols in the atmosphere, their vertical distribution, size distribution and single scattering albedo, and the reflectivity of the underlying surface (Pilnis et al. 1995) .
One of the largest uncertainties in climate change studies comes from the climate forcing caused by tropospheric aerosols (Hansen et al. 1997) . So monitoring aerosols on regional and global scales is crucial for understanding changes in radiation flux. Nowadays, ground-based and satellite sensors are available for continuous monitoring of aerosols. Of these, satellite remote sensing is one of the promising tools that provide aerosol distributions on regional and global scales (Ferrare et al. 1990 , Kaufman et al. 1997 . However, the assessment of Moderate Resolution Imaging Spectroradiometer (MODIS)-derived aerosol optical depth (AOD) relative to the Aerosol Robotic Network (AERONET) suggests that small uncertainties in calibration can lead to spurious conclusions about the trend of long-term aerosol property distribution (Levy et al. 2010) . Radiative transfer models along with satellite-derived data can provide information about the radiative effects of individual aerosol plumes (Christopher et al. 1996) .
In the present study, the possible reasons for enhancement in AOD over the Arabian Sea during June, July and August are examined. The Arabian Sea is located in the northwest Indian Ocean. It is bounded by India (to the east), Pakistan and Iran (to the north), and the Arabian Peninsula (in the west). The Gulf of Oman is located in the northwest corner of the Arabian Sea. During the summer monsoon season, the region is affected by strong southwesterly winds. The Somali jet appears over the sea during the summer season of the northern hemisphere. The wind direction over the Arabian Sea is southwesterly (towards the northeast) during the southwest monsoon season (June-September) and northeasterly (towards the southwest) during the northeast monsoon season (October and November). During the other months, feeble winds are observed over the region.
Many studies on aerosols have been performed over the Arabian Sea and its adjoining regions. The study by Vinoj and Satheesh (2003) reveals that wind has a significant role in AOD and radiative forcing over the Arabian Sea during the summer monsoon months of July and August. The variability observed in wind magnitude and direction during normal and drought years plays an important role in the variability of AOD observed over the Arabian Sea during the mid-monsoon month of July (Rahul et al. 2008) . The study by Babu et al. (2008) also infers the impact of seasonal changes in wind pattern on aerosol characteristics and their effect on forcing efficiency over the sea. Susan and Prabha (2008) showed that during the pre-monsoon months, highmass concentrations of aerosols are observed over the northern and eastern parts (west coast of India), and non-sea-salt aerosols dominate to about 76% of the total aerosol mass during the season. The analysis by Kalappureddy et al. (2009) indicates that the dominant aerosol types change significantly in the coastal, middle and far regions of the Arabian Sea during the pre-monsoon season. Using the collection 5 MODIS data, Remer et al. (2008) showed that the global mean AOD over oceans at the 550 nm wavelength is 0.13 and that under high-AOD conditions, fine-mode aerosols dominate over relatively large dust particles over all oceans except the tropical Atlantic downwind of the Sahara and during some months over the Arabian Sea. The deserts surrounding the sea are prominent sources of natural dust aerosols. These deserts include the Thar Desert in India and Pakistan and the Arabian and Nubian deserts of Africa. Since the sea is surrounded by these land masses, the possibility of transport of continental aerosols towards the sea is greater Transport of continental Downloaded by [Sivaprasad P] at 22:44 19 February 2012 Enhanced AOD over the Arabian Sea 5107 aerosols towards the Arabian Sea and the Bay of Bengal from the Indian subcontinent, Arabia and southeast Asia during January-March is reported by Rajeev et al. (2000) . Advection of continental air masses towards the sea brings both natural and anthropogenic aerosols into the atmosphere. Satheesh and Srinivasan (2002) demonstrated that over the southern Arabian Sea, during April/May, there exists significant transport of dust aerosols from the Saharan/Arabian regions, when northwesterly winds prevail. Besides the transported particles, the main source of aerosols over the oceanic regions is the sea-salt aerosols originating from the wave-breaking activity of sea-surface wind. The production of sea-salt aerosols depends on the strength of the surface wind. A recent study by Korhonen et al. (2010) reveals that the increase in sea spray flux caused by an increase in wind speed resulted in an increment in AOD over the southern hemisphere.
Sea-salt aerosols scatter solar radiation and the forcing caused by these aerosols causes a cooling effect globally (Dobbie et al. 2003) . The change in the chemical composition of aerosols with changes in sea-surface wind alters the radiative properties of the atmosphere, and this has to be taken into account in algorithms used for retrieval of aerosol and sea-surface temperature from satellite data (Satheesh 2002) . The presence of mineral dust over land and oceans causes surface cooling (by scattering and absorption) and lower atmospheric heating (by absorption). Then, low-level inversion is intensified and thereby convection is reduced (Satheesh and Moorthy 2005) . Anthropogenic aerosols also play a significant role in the radiation balance of the Earth's atmospheric system. Therefore the sources and transportation of these aerosols in the atmosphere are essential factors to be included in climate studies.
Data and methodology
The 558 nm data from the level-3 Multi-angle Imaging Spectroradiometer (MISR) onboard the Terra satellite were used for analysing the spatial and temporal variation of AOD. The resolution of the data set is 0.5
• × 0.5
• . MISR observes the Earth globally at nine different angles, ranging from 70
• forward to 70
• backward, and gives information at four spectral bands (446, 558, 673 and 866 nm) (Diner et al. 2002) . High sensitivity is provided by the instrument due to its oblique viewing, with optical depth values showing good agreement with the data derived from AERONET ground-based observations (Abdou et al. 2005 . The studies show a high correlation between MISR-and AERONET-observed AODs over oceanic regions and less correlation over desert regions. Here we used the data at a visible wavelength. Variation in the aerosol parameters, such as AOD, Ångström exponent and mass concentration, for different months are studied for the period from 2001 to 2009. The Ångström exponent is derived from the AOD values obtained at 558 and 866 nm wavelengths using the following formula,
where α is the Ångström exponent and τ λ is the AOD measured at wavelength λ. The Ångström exponent is inversely related to the average size of particles, so it is useful for assessing the average particle size of atmospheric aerosols: the smaller the particle, the larger the exponent. Downloaded by [Sivaprasad P] at 22:44 19 February 2012 P. Sivaprasad and C. A. Babu The wind pattern over the region is analysed using National Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) re-analysis wind data (Kalnay et al. 1996) with 2.5
• × 2.5
• resolution. The data are available in 17 pressure levels of which 925 hPa wind is used in the present study to understand the surface wind pattern. Monthly Global Precipitation Climatology Project (GPCP) rainfall (1 (Adler et al. 2003) are used for obtaining the rainfall pattern over the study area. Here, data from about 6000 rain gauges, geostationary and low-orbit satellites and passive microwave and sounding observations are merged to obtain monthly estimates of globally gridded rainfall from 1979. From the rainfall distribution, we identify the situation for wet removal of aerosol particles. The Environmental Satellite (Envisat)/SCIAMACHY absorbing aerosol index (AAI) (1 • × 1.25
• resolution) is used in order to understand the presence of dust aerosols over the Arabian Sea region. The mission objectives and measurement modes of SCIAMACHY are described by Bovensmann et al. (1999) . The ultraviolet absorbing index obtained from level-3 Aura/OMI (ozone measuring instrument) is also analysed for confirmation of the results obtained using the SCIAMACHY instrument. The resolution of these data is 1
• × 1 • . A detailed description of the sensor is given by Levelt et al. (2006) . AAI is measured in the ultraviolet region of the spectrum and it indicates the presence of absorbing aerosols, such as dust and black carbon.
Results and discussion

Spatial distribution of aerosols over the Arabian Sea and adjoining areas
From a general pattern obtained from MISR data (figure 1), it is observed that during July, AOD increases to high values over the Arabian Sea and adjoining areas to the north and west coasts of the sea. To the west of the sea, the Arabian Desert shows a high concentration of aerosols with optical depth values above 0.6. AOD is found to be high over the northern parts, including Pakistan and some parts of the Indian subcontinent. The distribution pattern is found to be almost the same for June and August. This shows that some mechanisms contribute towards the high loading of aerosols over the Arabian Sea during the June-August period. Over the Indian subcontinent, data are missing in some parts due to the presence of monsoon clouds. Thick clouds obstruct the passage of radiation, which results in a loss of data over these regions. Less aerosol loading is expected in India since the months fall within the summer monsoon season and intense rainfall activity occurs over the region. High AOD is seen over the north-west areas of the country, where the Thar Desert is located.
In the present study we are interested in the distribution of aerosols over the Arabian Sea. AOD values are found to be 0.8-1.2 over most parts of the sea beyond 10
• N during June-August. The region with rich aerosol content extends up to 30
• N. This is a peculiar feature since pristine air masses are expected over the oceanic region. Moving to the south of 10
• N, a gradual decrease in AOD can be seen with the smallest value below 0.2 to the south of 5
• N. Over a few parts of the Bay of Bengal also, high AOD is observed, but it is confined to small pockets, different from that detected over the Arabian Sea. During other months, high AOD of about 0.6-0.8 is observed over the northern parts of India, especially in the Indo-Gangetic plain. All of south India, the Bay of Bengal and the Arabian Sea show less aerosol loading. Values around 0.2 over almost the entire Arabian Sea indicate less aerosol loading over the sea and the southern parts of India during the remaining months. Over the Arabian Desert, AOD is found to be high during April and July, with values around 0.7. During the other Downloaded by [Sivaprasad P] months, the desert is calm and the optical depth remains below 0.4. This indicates relatively high production of dust aerosols over the desert during the summer season, in comparison with that for the boreal winter season.
Monthly variation of aerosol parameters over the Arabian Sea
The monthly variations in AOD and the Ångström exponent averaged for 2001-2009, with their spread, for a region bounded by 19
• N-24
• N and 60
• E-65
• E over the Arabian Sea, obtained from MISR observations are shown in figures 2 and 3. The region belongs to the north Arabian Sea and is characterized by high aerosol loading during the period of study. MISR data at 558 nm (green band) are used to analyse the AOD pattern. The wavelength is in the visible region of the spectrum (the largest percentage of incoming solar radiation consists of visible wavelengths) and interacts mainly with the accumulation-mode aerosols. High AOD in the range 0.7-1.0 is observed in June, July and August for almost all years. During the remaining months, the AOD values range from 0.2 to 0.5, with minimum values in the winter months from November to February. The analysis indicates a lower aerosol concentration over the Arabian Sea from September to May. The highest aerosol concentration is detected in July. The mean optical depth is observed to be around 1.0 during the month. Thus during June, July and August, the AOD values shoot up even in the marine environment. Downloaded by [Sivaprasad P] 
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The Ångström exponent, which indicates the average size of the aerosol particles in the atmosphere, decreases from March and continues to be low up to September. The maximum Ångström exponent, around 1.0, is observed during the period NovemberJanuary. The exponent is at a minimum, with values around 0.4, during June, July and August, and moderate values are detected in the remaining months. These factors obviously show that coarse-mode aerosols are prominent during the period of study (June-August). It is clear from the figure that during summer months, relatively large aerosol particles contribute to a major fraction of the total aerosol content. On the other hand, the high Ångström exponent in the northern hemisphere winter season is an indication of a relatively high concentration of accumulation-mode aerosols, i.e. aerosols of smaller size. This agrees with the study by Chauhan et al. (2009) , which showed a high Ångström exponent over the sea during the winter month of December, indicating the presence of smaller particles, which are advected from the Indian subcontinent. The accumulation-mode aerosols are assumed to be originating mainly from anthropogenic activities. Sea salt is included in the coarse-mode aerosols and an increase in these particles can affect the Ångström exponent significantly.
Enhancement of AOD by sea-surface wind
The role of sea-surface winds on AOD is analysed using NCEP/NCAR monthly U (zonal component) and V (meridional component) wind data. The surface wind pattern averaged for June, July and August is shown in figure 4 . Except in the eastern parts of the Arabian Sea, the wind speed is nearly 15 m s −1 . The speed is around 10 m s −1 in the eastern parts of the sea. In the south-east region, less than 10 m s
wind is observed. Over the Bay of Bengal, wind speed of around 10 m s −1 is observed. The wind observed over the region is part of the low-level jet (LLJ) associated with the summer monsoon season in India. The maximum wind core of the LLJ is at an altitude of around 1.5 km (850 hPa), and the wind has its maximum strength in the 
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Arabian Sea and on the west coast of India. The core of the wind is found to have a strength of 20-25 m s −1 . During other months, the winds are feeble and are aligned in a random manner. Over the tropical Indian Ocean, the AOD is related to the wind speed according to the equation
where τ o is the AOD at 0 wind speed and b is a constant whose value is 0.12 for 500 nm, 0.17 for 850 nm and 0.18 for 1020 nm (Satheesh 2002) . U is the observed wind speed. By using the least square method, the value of b is obtained as 0.12202 for a 550 nm wavelength. So, we have used the value 0.12 for computation of the contribution of marine aerosols due to monsoon winds. Substituting the wind speed of 15 m s −1 in the above equation, a τ a value of 0.72 is obtained. This is much higher compared with the aerosol concentration obtained during the other months over the sea and amounts to about 60% of the total AOD. Thus, the enhanced marine aerosols due to the strong sea-surface wind contribute more than half of the total aerosol loading during June, July and August.
Sea salt is hygroscopic in nature and can be removed from the atmosphere by washout or wet removal. Washout occurs due to the formation of cloud droplets by the condensation of water vapour over the particles. Wet removal happens due to raindrops, which diffuse aerosols in their path towards the Earth's surface. The monthly rainfall pattern over the region is analysed to understand the washout or wet removal. The rainfall pattern for July is shown in figure 5 . Most parts of the Indian subcontinent, the eastern parts of the Arabian Sea and the Bay of Bengal receive rainfall of more than 150 mm. But over the other parts of the Arabian Sea, rainfall is less than 30 mm. The chance of wet removal is less in comparison with the Indian mainland. So the particles can remain in the atmosphere for a comparatively long period. This also favours a high aerosol concentration over the Arabian Sea. 
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Role of transport from the surroundings
Transport of aerosols towards the study area is shown in figure 6 using the hybrid single particle Lagrangian integrated trajectory (HYSPLIT) model. The inputs to the model are the NCEP/NCAR 17 pressure-level re-analysis wind data, re-processed into the HYSPLIT-compatible format available on the Air Resources Laboratory's (ARL's) website. Here, a particle model is used, in which a fixed number of initial particles are advected about the model domain by the mean wind field and a turbulent component. The advection of a particle or puff is computed from the average of the three-dimensional velocity vectors for the initial position at time t, P(t), and the first-guess position at time t + t, P (t + t). figure 6 . It is found that during the study period, at low levels, the back trajectory is confined to the area over the oceanic region, including the Indian Ocean and the Arabian Sea itself. On the way towards the Arabian Sea, it touches the Somalian coast. Going to high altitude, the trajectory covers Ethiopia, Yemen and Oman. Above 1500 m altitude, the air mass comes from land areas lying to the west and north parts of the sea (Arabian Desert, Gulf of Oman, Afghanistan and Pakistan). The pattern is almost similar for June-August. Thus, in general, during the months of study, the transport of aerosols towards the sea occurs from the Indian Ocean, and the north and west coasts mentioned above. The mineral dust sources around the northern Indian Ocean were identified by Leon and Legrand (2003) . They found that the main dust sources are located in the Nubian Desert, the Arabian Peninsula, Iran, Pakistan, Afghanistan, northwest India and Somalia. The frequency of dust events is maximal in the spring and summer months for most of the above areas.
The intense LLJ associated with the southwest monsoon over India can provide a pathway for the dust particles from the Horn of Africa, particularly from the deserts in Somalia, towards the central Arabian Sea (Clemens et al. 1991) . Going to higher levels, the dust particles from the Arabian Desert, Pakistan and Afghanistan are transported towards the Arabian Sea. This is an indication of the presence of continental aerosols over the region besides marine aerosols. The predominant component in transported aerosols is the mineral dust particles originating from the land masses mentioned above.
The Envisat/SCIAMACHY AAI is used to confirm the presence of dust aerosols (figure 7). The instrument derives the AAI from the reflectance intensity Downloaded by [Sivaprasad P] at 22:44 19 February 2012 measurements at 380 and 340 nm wavelengths. In the ultraviolet region of the spectrum, dust and black carbon are absorbing in nature. A positive value of AAI indicates the presence of these aerosols. Although the instrument is mainly used to detect industrial and biomass burning aerosols, in the absence of such aerosols, the main contributors, which absorb the ultraviolet light, are dust particles. We do not expect a high concentration of black carbon aerosols over the desert regions. So the positive AAI detected over the desert regions is considered to originate from dust aerosols. January and July are presented in the figure. Only positive values of AAI are included here. The white colour indicates missing data or negative AAIs, which represent the scattering aerosols. Over the Arabian Sea, during July, positive AAI can be observed. A higher value around 1.5 is found over the northern, central and western coasts of the sea. The land areas in the northern and western parts of the sea show high AAI during the month. So the possibility of transport of dust aerosols from these locations can be justified. Some parts of northwest India also have intense dust aerosol concentration. The same pattern can be observed for June and August. During January we cannot find positive AAI over the entire Arabian Sea. Over the land areas around the sea, AAI is less in comparison with the summer months. This is due to lack of turbulence during winter months. The Aura/OMI ultraviolet aerosol index is also analysed for the same months over the same location. The results are shown in figure 8. OMI data also provide similar information on aerosols to that obtained from Envisat/SCIAMACHY. OMI shows the same pattern of aerosol distribution over the sea and its adjoining areas. The ultraviolet aerosol index is found to be above 1.5 over the northern and western parts of the sea. It is around 1.2 over the central Arabian Sea and relatively fewer values are observed over the east coast. Over the Arabian Desert, a high aerosol index above 2.0 is observed. To the north of the sea, also, the aerosol index is found to be high. Downloaded by [Sivaprasad P] at 22:44 19 February 2012 These regions include Pakistan and a few parts of India. This clearly supports the transport of aerosols from the western and northern lands towards the Arabian Sea. However, during the other months, the aerosol index is less over the sea. From the figure it is obvious that in January the index is less, with values of around 0.5 over most parts of the Arabian Sea and its nearby areas. A relatively high value is observed over a small area in the Arabian Desert. These results strengthen the findings from the SCIAMACHY instrument. In other words, we infer the presence of dust particles over the Arabian Sea during the period of study.
Conclusions
During June, July and August, the aerosol concentration increases over the Arabian Sea and its surrounding land masses. Aerosol loading is high throughout the year over the northern parts of India, especially over the Gangetic plain. On the other hand, lower AOD values are observed most of the time in the southern parts of the subcontinent. AOD is found to be high over the Arabian Desert during the boreal summer months. Strong monsoon winds are observed over the Arabian Sea during the period of study. The contribution of marine aerosols is high (exceeding more than half of the total aerosol content) due to the turbulence and sea spray activity over the sea surface produced by the strong winds. The other prominent aerosol component is the dust particles transported from the western and northern land masses around the sea. From the weak rainfall activity observed over the region, we can conclude that the chance of wet removal is less. Thus the enhancement in marine aerosols and transported dust particles is responsible for the high aerosol loading observed over the Arabian Sea during June, July and August.
